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ABSTRACT 


The ionizing radiation measurements flown on the LDEF were contained in 15 experiments 
which utilized passive detectors to pursue objectives in astrophysics and to measure the radiation envi- 
ronment and dosimetric quantities. The spacecraft structure became sufficiently radioactive to permit 
additional important studies. The induced activity allows extensive radiation mapping in the structure, 
an independent comparison with experiment dosimetric techniques, and significant studies of secondary 
effects. The long exposure time, attitude stability, and number and types of measurements produced a 
unique and critical set of data for low Earth orbit that will not be duplicated for more than a decade. The 
data allows an unprecedented test, and improvement if required, of models of the radiation environment 
and the radiation transport methods that are used to calculate the internal radiation and its effects in 
spacecraft. Results of measurements in the experiments, as well as from radioactivity in the structure, 
have clearly shown effects from the directional properties of the radiation environment, and progress has 
been made in the dosimetric mapping of LDEF. These measurements have already influenced some 
Space Station Freedom design requirements. Preliminary results from experiments, reported at this 
symposium and in earlier papers, show that the 5.8 years exposure considerably enhanced the scientific 
return of the radiation measurements. The early results give confidence that the experiments will make 
significant advances in the knowledge of ultraheavy cosmic rays, anomalous cosmic rays, and heavy 
ions trapped in the radiation belts. Unexpected phenomena have been observed, which require explana- 
tion. These include stopping iron group ions between the energy ranges anticipated for anomalous and 
galactic cosmic rays in the LDEF orbit. A surprising concentration of the Be nuclide was discovered on 
the "front” surface of LDEF, apparently transported up from the stratosphere with exceptional efficiency. 
LDEF will clearly be a landmark mission in astrophysics and in the study of the radiation environment in 
LEO. 


INTRODUCTION 


The Long Duration Exposure Facility (LDEF) carried 9 experiments designed to study particular 
aspects of the ionizing radiation encountered during the mission. Six more experiments included detec- 
tors for radiation monitoring. In addition, the spacecraft structure and experiment materials acquired a 
low (~1 to -100 pico Curies per kg) level of radioactivity. The distribution of the induced radionuclides 
in samples of the LDEF structure, measured in sensitive gamma ray spectroscopy facilities, allows 
significant additional studies of the radiation environment and its interaction with the spacecraft. 

The radiation measurements on LDEF are listed in Table 1. Three experiments (A0178, M0001, 
M0002-2) (refs. 1, 2,3,4) were designed to measure the composition and spectra of galactic or 
"anomalous" cosmic rays. M0002-2 also studied heavy ions trapped in the Earth’s magnetic field. 
Experiment M0002-1 (ref. 1) had multiple detectors at different locations to measure the trapped proton 
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fliience energy speed-a and directional characteristics. Experiments P0006, P0004, M0004, and A0015 
(rets. 1,5,6,7,8,9,10) contained a variety of passive detectors to measure the radiation dose, heavy 
particle fluence, linear energy transfer (LET) spectra, and several aspects of the secondary radiations 
including neutrons and the concentration of heavily ionizing recoil nuclei. These experiments contained 
detectors at various shielding depths typically encountered in manned spacecraft. The experiments are 
described further in NASA SP 473 (ref. 1), papers of this symposium, and the referenced experiment 
reports. 1 able 1 summarizes the radiation measurements and lists the detector types and princiDal 
measurement categories in each. 


The cosmic ray expenments address fundamental questions about the nucleosynthesis of heavy 
elements in the galaxy, and acceleration of the nuclei to high energies. AO 178 measured the elemental 
abundances of galactic cosmic rays above atomic number 65. It will make the most significant study yet 
ot the actinides (eg. thorium, uranium) in the cosmic rays, and will define their abundance relative to 
lighter elements (eg., platinum, lead). This data will reveal the importance of rapid (explosive) 
nucleosynthesis for heavy element production in the galaxy. M0001 was designed to study both galactic 
and anomalous cosmic rays. The low energy "anomalous" nuclei are now thought to be from the inter- 
stellar gas which enters the solar system, becomes partially ionized, and is then accelerated (by shock 
waves) up to a few tens of MeV. These particles carry information about the interstellar medium and 
particle acceleration in the solar system. In addition to anomalous cosmic rays, experiment M0002-2 
also studied low energy heavy ions that are trapped in the inner radiation belt. The trapping mechanism 
for these particles is not understood. 


Experiments P0006, P0004, A0015, and M0004 contained a variety of passive detectors to 
measure absorbed dose, particle fluences, linear energy transfer spectra, and neutrons. The P0004 
detectors were distributed at various depths in the seeds experiments (P0004-l,2)(ref. 1). A0015 carried 
many detectors to characterize the radiation exposure of biological samples. Some of these detectors 
were used to locate heavy nucleus tracks which passed through the biological samples. P0006 com- 
prised a comprehensive set of dosimetric detectors at precisely defined shielding depths in the seeds 

expenments tray. Experiments M0003, M0006, and A0138-7 (ref. 1) also carried detectors for local 
radiation dose monitoring. 


A set of 5 metal samples (Co, Ni, Ta, V, In) (ref. 1 1) of approximately 100 gm each were placed 
in 5 separate locations around LDEF. The metals were selected for specific activation products and 
cross-sections to study the activation process and to measure the flux of the activating particles (trapped 
protons, cosmic rays, and neutrons). The flux and spectra of neutrons, which have not been frequently 
nor definitively measured in spacecraft, can be studied through activation reactions which are ex- 
clusively, or partially, caused by neutrons. 


In addition to the activation detectors intentionally placed on LDEF, the 5.8 years of exposure 
caused the radioactivity induced by trapped protons and cosmic rays in aluminum, stainless steel, 
titamiim, le a d, and other metals of the spacecraft structure to reach significant levels (1 1,12,13 14 15). 

though the activity was small (~1 to -100 pico Curies/kg), it was readily measured with high resolution 
gamma ray spectrometers. The initial activation measurements were made of the full spacecraft (between 
2 weeks and 2 months of LDEF recovery) with a cooled germanium detector array (ref. 16) at Kennedy 
Space Center. Subsequently, about 400 samples of the metal structure of LDEF (and some experiment 
samples) have been measured in shielded low background spectrometers at nine laboratories (refs. 

1 /, 18, 19,20). The activation data set is an important complement to dosimetry measurements performed 
in expenments. It forms a complete dosimetric map of LDEF, filling in gaps where other experiment data 
do not exist, and gives a measurement independent from other dosimetric techniques (e g ther- 
moluminescent dosimeter (TLD) dose), which could be subject to different errors. This data set will be a 
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definitive benchmark for methods that are used to calculate activation in space. 

The set of passive radiation measurements on LDEF is the most comprehensive yet flown on low 
Earth orbit missions. The value of these measurements is enhanced by the spacecraft’s Earth-fixed flight 
attitude (which is the same for SSF). This allows the directional characteristics of the ambient radiation 
(refs. 21,22,23,14), and its effects at various shielding depths, to be studied. The large number and 
variety of measurements at various locations and shielding depths, the orbit, the attitude stability, and the 
long duration make this a valuable and unique data set for studies of the LEO radiation environment. 


RADIATION ENVIRONMENT PREDICTIONS 


Predictions of characteristics of the radiation environment and its effects, such as absorbed dose, 
in LEO have been generally accepted as accurate to a factor of ~2, but predictions with different codes 
and assumptions have often differed by a larger factor. Single event upset predictions can differ among 
methods by a factor of 10. Secondary radiations such as neutrons and recoil nuclei have been difficult to 
measure on spacecraft. Measurements of the secondaries are scarce and corresponding predictions are 
more rare. Furthermore, the directional characteristics of the trapped proton flux have been previously 
ignored in predictions of effects, and for spacecraft stabilized like LDEF in 28.5° orbits, this causes a 
variation in magnitude of 2-3, which is strongly dependent on location in the spacecraft. The present 
uncertainties in radiation prediction would lead to significant impacts in a number of future programs. 
For long duration missions such as the Space Station and AXAF, uncertainties in predictions can lead to 
increased costs in electronic parts, or unfavorable trade-offs between manned mission duration and 
orbital decay rates, or uncertainty in degradation and replacement cycle of observatory instruments. The 
LDEF radiation data will considerably improve prediction methods for resolution of these kinds of 
issues. 


IONIZING RADIATION SPECIAL INVESTIGATION GROUP 


The LDEF Special Investigation Groups (SIG’s) (Materials, Meteroid and Debris, Systems, 
Ionizing Radiation) were chartered to perform measurements and analyses that were not a part of the 
LDEF experiments objectives but are important for application to future missions. The SIG’s must 
ensure that relevant and applicable information for design and development of future missions is re- 
ported and archived, and that the results will be in a form useful to those programs. Each SIG defined 
specific objectives toward these general goals, in accord with programmatic constraints. The main 
elements of the Ionizing Radiation Special Investigation Group (IRSIG) operating plan are shown in 
Figure 1. 

The IRSIG has concentrated its efforts in the following areas: 

1. Pre-recovery predictions of radiation dose, particle fluences, LET spectra and radioactivity 
(refs. 11,12,13,22,24). 

2. A post-recovery radiation safety inspection. This inspection was performed soon after 
Columbia’s payload bay doors were opened in the Orbiter Processing Facility (OPF) with hand-held 
survey detectors, and dry wipes of small areas. No radioactivity enhancements above background were 
detected with the survey instruments. KSC personnel performed these surveys. 
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3. A full spacecraft activation measurement. This measurement was performed for two months 
in the SAEF II building, while experiment trays were removed, with a very sensitive germanium 
spectrometer array (ref. 11,16). 

4. A program was organized to measure the induced activity in about 400 samples of the 
spacecraft structure and experiments materials selected at many locations and shielding depths (refs. 

1 1,14,15). The activation measurement data set provides an excellent test of calculational methods such 
as the directional trapped proton environment model, the High Energy Transport Code (HETC), and 
other methods to predict activation in spacecraft. Furthermore, the activation measurements and predic- 
tion methods are of great interest to the gamma ray astronomy community (e.g., GRO, Mars Orbiter, 
etc.). 

5. Accumulate the radiation data and analysis results from experiments as available, and supply 
the experimenters with environment calculations and analyses as they become available. 

6. Using LDEF data, validate or improve models of the radiation environment and the calcula- 
tion methods for radiation transport and effects. The environment modeling and calculation program is 
described in refs. 12,13,14,23,25. The main models and calculations to be applied are the AP8 trapped 
proton model, AE 8 trapped electron model, a new model for trapped protons which combines AP8 with 
the directional properties of the protons, methods for calculating induced radioactivity (e.g., the HETC), 
the cosmic ray environment and methods for calculating linear energy transfer (LET) spectra [e.g., the 
Cosmic Ray Effects on Microelectronics (CREME) code, and the HETC code]. The definitive applica- 
tion of these methods requires a detailed mass model of the LDEF structure and selected experiment 
trays, which is currently under development (ref. 25). The principal environments and calculational 
codes to be employed by the IRSIG are shown in Figure 2 from (ref. 23). 

7. The LDEF IRSIG is supporting a number of post-recovery radiation analysis efforts which 
require accelerator exposures for the calibration of detectors or for the assessment of possible radiation 
effects. Due to the low altitude and inclination orbit, and the relatively low radiation dose (refs. 22,24), 
significant radiation effects were not anticipated. Only a few experiments have reported either con- 
firmed or suspected radiation effects. 

8. The documentation and archival of data, models, and methods is a major task of the IRSIG. 

In addition to written repons and summaries of results, the environment models and calculation methods 
will be documented and placed in accessible networks. The induced activity data and prediction meth- 
ods will be a major subset of the archive. Activation results (including the occurrence of unusual 
amounts of nuclides in the original material that have been discovered) will be archived in the Materials 
and Processes Technical Information System (MAPTIS). 


MOST SIGNIFICANT EARLY RESULTS 


The early results of the LDEF radiation measurement are covered in subsequent papers of this 
symposium and in referenced published results. Only a few highlights are listed here. 

1 . The effects of directional properties of trapped protons have been clearly observed in the 
following measurements: 

a. Absorbed dose from thermoluminescent dosimeters (TLD’s) in P0006, P0004, M0004. 
The West/East ratio is about 2.5 near the LDEF surface (refs. 14,23,26*).Figure 3 illustrates the dose 

* unpublished 
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around LDEF (refs. 14,15). Figure 4 displays the “Na activation data from the tray clamps w, a 
Amplified cal— ^TZ^OE^L d by the full spacecraft activation measure- 
ments (ref. ( J 6, K;idioacuv]t , i in tw0 stainless steel , run, on layers ( 54 Mn gamma ray line) from the leadmg 
and trailing sides (refs. 14,15,23). 

The analysis of these data (and additional measurements in .progress) .will prov.de a htgh preci- 
sion test of the new directional model of trapped protons, and the AP8 fluxes. 

2. A large body of data has been gathered on induced radioactivity in 
samnles (refs 14 15) (aluminum, stainless steel, titanium, lead, copper, nickel, etc.). 

interest to gamma ray astronomers, whose experiments are sensitive to the background 

A surprising finding was considerable uranium in titanium clamps (in the original material) 
from the LDEF structure. 

Figure 5 is a sample of activation data from small pieces of two stainless steel trunions. 
a Radioactive 7 Be (half life 56 days) was found on the front surface of LDEF on all materials 

fhf atmosphere by sotar flare particles and exceptional transport mechanisms were speculated. Ac- 
merits of atmospheric 7 Be to be tested. 

d Secondary neutrons and short range recoil nuclei have been measured in P0(X)6 (refs. 5,6). 

Past^meas^em^ts^i^TO^sm ^acwaft^av^^^n infrc^uent^^d^u^^^w^ge^pnmary^p K 

SSSS SMSS W "condary panicles 4 of imponance in de.cnnining equ.valen, 

methods which predict equivalent dose (REM) and high LET particle effects. 

5. Radiation Effects: No damaging radiation effects have teen reported in LMF surtee 

A0171 *', the Electronics in M0004 (ref. 30), and in quartz crystal resonators (A0189) (ref. 31). 
Analysis and post-flight testing is continuing. 

*Willowby, D. J.; and Whitaker, A. F.: Private Communications. 
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P0004-2, AW?5^ containing seeds (P0004-1, 

designed to measurrarc^rlicks^n tile <^mi^ 1*7* eXperiments on LDEF were 

rays\ and the "ultra heavy cosmic rays" (atomic number atove fiS ™ ° W e " ergy " anomalou s cosmic 
M0002-2, A0178) (refs. 2 3 4) showed „L,Uo , mber abo ^ e 65 >- These expenments (M0001, 

a few percent of the detector material had been pro^esTed^rlmh ^ Sensitivity and resolution. Only 
ments are a factor of > six more sensitive than anv^Sv^ P he Symposium ' The LDEF measure- 
live for a decade or more. In addition s Mro„hv(ir?,h, mea 1 s " reme "«. and will be the most sensi- 
eve„, upset pmdictions a, thin shielding depth? ( l, g„ in ^ 

MeV/nucleon' ir0n group 1 ! ons wi,h incident energies near 600 

for galactic cosmic rays in the LDEF orbit Their enerevranpp^H fT* the geomagnetic cut-off 
ionized solar energetic particles, but further investigation is required. ^ they *** partially 

significant flu^ofheav^nu^i* storing M0 ?° 2 . 2 h “ m “su rcd a small bn, 

trapped belt particles (ref. 4). The trapping mechanism for these parSst Wi ‘ h 

depths (< shallow shielding 

some surface samples with electron paramagnetiemsonan!^ d ~ in 

using ^ess has been made in 

and neutrons), and radiation mStSefs’ & ° nS ' C ° SmiC rayS ' earth albedo P">“™ 
(such as directional properties) ofthe radiation and to euid^rh^ 8e °h emeS ’ t0 estimate various features 
(e.g., activation sample priority). A detailed mUs mr>H 8 i ( tbe ^P hasis on various measurements 
three-dimensional calculations, which are reauired for Hpf^f’ 1S under development for use in 
LDEF data. Experiments A0178 and M0001 will aim J” 1 1Ve !^. sting °f tbe environments models with 
analyses. The Quality ofthe Z data 

calculation and analysis program will be met. X ln dicates that the major objectives of the 

cant advances in' the knowkdg^o^ have c,ear ]y shown that LDEF will make signifi- 

transport modeling, the^ STT"- *" l0W Earth ° rbit (LEO) ’ radiation 
astrophysics. D1 °iogical effects of the space radiation environment, radiation dosimetry, and 


204 



REFERENCES 


l Clark> l. G.; Kinard, W. H.; Carter, D. J.; and Jones, J. L.: The Long Duration Exposure Facility 
(LDEF) Mission 1 Experiments. NASA SP-473, 1984. 

2. Sullivan, D.O.,etal.: The LDEF Ultra Heavy Cosmic Ray Experiment. First LDEF Post-Retrieval 

Symposium, NASA CP- 3 134, 1992. 

3. Adams, J. H„ Jr, Beahm, L. P, and Tylka A. J, l0 " S ^ 

Experiment. First LDEF Post-Retneval Symposium, NASA CP-3134, 1992. 

4. Beaujean, R, Jonathal, D, and Enge, W, Heavy Ion Measurement on LDEF. First LDEF Post- 

Retrieval Symposium, NASA CP- 3 134, 1992. 
compilation.) 

5 Benton E V.; Frank, A. L.; Benton, E. R.; Csige, I.; Parnell, T.A.; and Watts, -j- Wy 

Exposure of LDEF: Initial Results. First LDEF Post-Retrieval Symposium, NASA CP- 3 134, 

1992. 

6. Csige, I., et al.: Charged Particle LET-Spectra Measurements Aboard LDEF. First LDEF Post- 
Retrieval Symposium, NASA CP- 3 134, 1992. 

7 T DEF ExDeriment P-0006-Linear Energy Transfer Spectrum Measurement (LETSME) Quick Look 
T^NA^STC Contract NAS8-38188 Final Report, Eril Research, Inc., Corte Madera, 

CA, December 1990. 

8 P0004 Ouick Look Task 1 : Measurement of Total Absorbed Dose from TLD’s, NASA/MSFC 
^tSct NAS8-38676 Progress Report #1, Eril Research, Inc., Corte Madera, CA, December 

1990. 

9 LDEF Experiment M0004 - TLD Measurements Technical Report - Eril Researcl, Inc ' Cone 

Madera CA Air Force Technology Center Contract Report, Contract F29601-90-L-005., June 

1990. 

10. Reitz, G„ et al. First Biological and Dosimetric Results of, *^cpTl ,®f “ k Ex P erimem 

A0015 on LDEF. First LDEF Post-Retneval Symposium, NASA CP-3134, 1992. 

1 1. Fishman, G. J, Parnell, T. A, and Harmon B. A, Long Duration Exposure Facility - Induced 

Radioactivity Analysis Plan. NASA/MSFC, December 1989. 

n a rmstmnp T W • and Colbom B L.: Scoping Estimates of the LDEF Satellite Induced Radioac- 
^tivity NAS/JmSFC Contract NAS-38427 Final Report, Science Applications International 
Corporation Report: SAIC-90/1462, September 1990. 

1 1 Armstrong T W • and Colbom, B. L.: Predictions of Induced Radioactivity for Spacecraft in Low 
^Tabil Nuclear Tracks and Radiation Measurements, Elsevier Press, tn press 1991. 


205 



14. H^mon, A Benton, E. V.; and Frank, A. L.: LDEF Radiation Measurements; Preliminary 

Results, Nuclear Tracks and Radiation Measurements, Elsevier Press, in press 1991. 

15. Harmon, B. A.; Fishman G. J, Parnell, T. A, and Laird, C. E.: Induced Radioactivity in LDEF 

Components. First LDEF Post- Retrieval Symposium, NASA CP-3134, 1992 


16. Phillips, G. W., et al.: Gamma Radiation Survey of the LDEF Spacecraft 
Retrieval Symposium, NASA CP- 3 134, 1992. 


First LDEF Post- 


17 ' ^I 400 st ™ cmral sam P les ^ being counted for periods of 12-168 hours each in low background 
LatmoriesrD g ^al y * R L ; Brodadnski and J. Reeves (Batelle North West 

Authority) A B Harmnn P fM Llve ™ 01 j e Laboratones), C. Frederick (Tennessee Valley 

Authority), A. B. Harmon (Marshall Space Flight Center), D. C. Lindstrom (Johnson Space 

Center) C. E. Moss and R. C. Reedy (Los Alamos National Laboratory), A. R. Smith Id D 
Hurley (Lawrence Berkeley Laboratory), and W. C. Winn (Savannah RWer LabomtoryT 

18. Winn, W G.: Gamma-Ray Spectrometry of LDEF Samples at SRL First LDEF Post Retrieval 
Symposium, NASA CP-3134, 1992. rost-Ketneval 

19 ‘ S A , R : „ and Hurle y- D - L-: Radioactivities of Long Duration Exposure Facility (LDEF) 
Materials: Baggage and Bonanzas. First LDEF Post-Retrieval Symposium, NASA CP- 3 134, 

20 * M c a S !l5: c E; p“ < ! fnnnD nd o' C: Measurements of Induced Radioactivity in Some LDEF 
Samples. First LDEF Post-Retneval Symposium, NASA CP-3134, 1992 

21. Watts, Jr., J. W., Parnell, T. A.; and Heckman, H. H.: Approximate Angular Distribution and 

Spectra for Geomagnetically Trapped Protons in Low-Earth Orbit A C Rester Jr and I 1 

Trombka (Eds.), AIP Conf. Proc., New York, 1989. ' ’ ' 

22. Ionizing Radiation Exposure of LDEF, edited by E. V. Benton and W Heinrich NASA/MSFC 

Grant NAG8-138 Report, USF Report USF-TR-77, August 1990. ’ NAi)A/MSFC 

23. Armstrong, T. W., Colbom, B. L.; and Watts, Jr., J. W.: Ionizing Radiation Calculations and 

Comparisons with LDEF Data. First LDEF Post-Retrieval Symposium, NASA CP- 31 3^ 

24 ‘ W i a nFFT W ‘ ; Pani o 1 V T A ; P eiTickS0n ’ J> H ' : ^^ng, T. W.; and Benton, E. V.: Prediction of 
LDEF Ionizing Radiation Environment. First LDEF Post-Retrieval Symposium, NASA CP-3134, 

25. B. L - ^ Armstrong T. W.: LDEF Geometry/Mass Model for Radiation Analyses First 

LDEF Post-Retneval Symposium, NASA CP-3134, 1992. y 


26. Parnell, T. A.: Long Duration Exposure Facility - Ionizing Radiation Special Investigation Groun - 
Bnefing to Space Station Freedom Project Office, NASA/MSFC, September 1990 P 


206 



27. Fishman. G. J, Harmon. B. A.; Gregory, J C; Parnell. T p A 2 ^ ' 

E • August, R. A.; Ritter, J. C.; Cutchin, J. H.; Haskins, P. S., McKisson, J. b., Ely, u. w. 

Wdsenberger, A. G.; Piercey, R. B 1 ; and Dybler, X: Observations of Be on the Surface of LDEF 
Spacecraft, Nature. Vol. 349, pp. 678-680, February 1991. 

78 Gregory J C • Fishman G. J.; Harmom, A.; and Parnell, T. A.: The Interactions of Atmospheric 
Soienic Radionucl.des with Spacecraft Surfaces. First LDEF Post-Retneval Sympostum, 

NASA CP-3134, 1992. 

29. Truscott, P. R., et al.: Be 7 Deposited on the Surface of the Concorde. Firs. LDEF Post-Retrieval 

Symposium, NASA CP-3134, 1992. 

30. Taylor, E. W„ et al.: Prelinunao’ Analysis of WL Experiment #701, S P““ Envtonmen, Effects on 

Operating Fiber Optic Systems. First LDEF Post-Retneval Symposium, NASA CP- 31 34, 1992. 


3 1 Aheam, J. S.; and Venables, J. D.: Study of Factors Determining die Radiation Sensitivity of 
Quartz Crystal Oscillators (A0189). First LDEF Post-Retneval Symposium, NASA CP- 3134, 

1992. 


32. Alston, J. A.: Seeds in Space Experiment 
CP-3134, 1992. Grigsby, D. K., Space 


Results. First LDEF Post-Retrieval Symposium, NASA 
Exposed Experiment Developed for Students, Ibid. 


207 


Table 1. The radiation measurements on LDEF. 


Radiation Detectors on LDEF 
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(a) TLD’s = Thermoluminescent Dosimeters 


(b) PNTD’s = Plastic Nuclear Track Detectors 

































Figure 1. The LDEF Ionizing Radiation Special Investigation Group Functional Organization. 
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Figure 2. The approach and principal models for the LDEF ionizing radiation calculations (from ref. 
23). 
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Figure 3. 


Absorbed dose measurements with thermoluminescent dosimeters (TLD) from three LDEF 

Zf ° f dOSC f ° m ,! he AP8 “W* P roton omnidirectionai model 

hhelds^ ; The L»^ T”** ^ SphenCal shie,ds - Curve B assumes P 1 ™* (slab) 

shields. The dotted line indicates the 50 rem annual crew dose limit. 



Figure 4. Measurements of the concentration of 22 Na in aluminum tray clamps around LDEF. The 
statistical error bars are due to the short counting time for each sample. The calculation is 
from a simplified (one-dimensional) planar shield calculation for each data point using a 
vector proton flux (from ref. 14,15). 
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Figure 5. 
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An example of the high resolution gamma ray spectra obtained. These spectra are from 
twelve hour counts of the end slices (1 cm thick) of two stainless steel trumons, from the 
leading and trailing sides of LDEF. The east-west effect is clearly seen in the Mn, Co, and 
Sc lines. The 7 Be line is strong on the east (leading) side and is absent on the trailing side. 
The 511 keV line (positron annihilation) is an artifact of the laboratory spectrum from 


cosmic rays (from ref. 14,15). 
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Figure 6. The Be gamma ray line from aluminum experiment tray clamps, taken from each row 
around LDEF, and counted for 24 hours (each clamp) (from ref. 28). 
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